Evaluation of diffusion length and surface-recombination ve~ocity from a planar-coUector-geometry e~ectron-beam-induced current scan H. K. Kuiken and C. van Opdorp Philips Research Laboratories, P. O. Box 80.000, 5600 JA Eindhoven, The Netherlands (Received 19 July 1984; accepted for publication 25 October 1984) For performing electron-beam-induced current (EBIC) measurements on sufficiently large samples, the use of a "planar-collector geometry" (i.e., with the collector covering part of the irradiated surface itself) is very attractive. However, the pertinent theoretical EBIC curves for finite surface-recombination velocities s have so far been lacking. This paper presents the complete theoretical expressions for arbitrary values of s and diffusion length L. Simple asymptotic solutions are given for point-and finite-size generation sources. Easy methods are developed to facilitate the application of these solutions in the practical evaluation of Land s from experimental EBIC curves. These methods are applied to experimental data available through the literature.
i. iNTRODUCTiON
A wen-established method for measuring the minoritycarrier diffusion length L of semiconductor materials makes use of the SEM-EBIC technique, see Refs. 1-3 and references therein. Using a scanning electron microscope (SEM), one generates excess charge carriers inside a sample by an incident high-energy electron beam. The generated minority carriers are collected by a Schottky or p-n diode made on or in the sample; this yields the electron-hearn-induced current (EBIC). Variation of the position of beam incidence with respect to that of the collecting junction produces variation of the stationary EBIC value. Comparison of an experimental EBIC curve resulting from such a scan with theoretical curves permits evaluation of L.
Obviously the shape of an EBI C curve will depend not only on the value of L, but also on a number of geometrical and other factors. These are the shape and dimensions of the sample, the shape and position of the collecting junction and scanning track, and generation parameters. Apart from L there is still another material parameter with unknown value which greatly influences the shape ofthe curve, viz. the surface-recombination velocity s of the surface on which the beam is incident.
Generally the influence of s is considered as an annoying circumstance for accurate determination of L. From our point of view, on the contrary, its strong influence on the shape of the curve is advantageous in that it may enable one to evaluate not only L but also s from a given experimental EBIC scan. It is obvious that one of the prerequisites for this is a sufficiently accurate knowledge of the theoretical curves for the relevant geometry at different values of Land s.
In this paper we shall consider large samples whose dimensions amount to many diffusion lengths in all directions. The conventional geometry used for such samples is the "normal-coUector geometry" shown in Fig. 1 (a) ; the plane of the collecting Schottky or p-n junction is perpendicular to the irradiated surface. The theoretical curves for different values of L, s, and "effective generation depth" h (for this parameter, see Sec. II C) are well known for this geometry. 4, 5 Even so, these full curves are seldom if ever used to evaluate L (and s) from experimental data, e.g., by curve fitting. The much simpier approach of restricting the analysis to the EBIC scan interval at sufficiently large collector-beam distance is apparently preferred. Here, the reciprocal slope of a semilogarithmic plot of EBIC versus distance roughly equals L, to a certain extent independently of the values of s and h. Obviously the applicability of the latter, much simpler approach is liable to certain restrictions. In order to· know these restrictions, i.e., to really know what is meant by the foregoing loosely used expressions "sufficiently large distances," "roughly equals L," and "to a certain extent independently of sand h," it is still necessary to know the complete theoretical expressions for all distances and all values of sand h. Indeed their knowledge is even quite indispensable if one also wants to evaluate s from an experimental curve.
In an alternative large-sample geometry the collecting junction lies in the plane of the irradiated surface itself: part of the surface is covered by a Schottky or a very shallow p-n junction.
6 This is the "planar-collector geometry." We shall consider the case of the collector having a straight edge perpendicular to the scanning track, and normal beam incidence, as sketched in Fig. lIb) .
The planar-collector geometry has practical advantages over the normal geometry. For the latter, the required FIG. I. Two basic geometrical configurations for performing EBIC measurements on large samples: (a) nonnal-<:allector geometry; junction perpendicular to irradiated surface, (b) pianar-<:allector geometry; junction in plane of irradiated surface (or alternatively a very shallow p-n junction).
well-controlled cleaving of the sample frequently meets with problems. Another advantage of the planar-collector geometry is that it can also be used in the study of defects.
7 (Defect measurements are also performed with the electron beam incident normally to the collecting junction.) On the other hand, the calculation of theoretical curves is much more complicated for the planar than for the normal collector. For that reason the latter has been preferred in the past by most investigators.
Planar-collector analysis was already undertaken in Ref. 6. However, the authors calculated only the theoretical EBIC curves for the relatively simple case of s = 00. Complete theoretical curves for finite s values have so far been lacking in the literature. Nevertheless, knowledge of these curves is indispensable for the same reasons as those mentioned above for the normal collector. In this paper we present the complete expressions for the theoretical EBIC curves for all possible values of L, s, and h for the planar conector.
The organization of the paper is as follows. Section II presents the mathematics which yield the theoretical expressions. In Sec. III we develop simple, fast procedures for applying these expressions in the evaluation of Land s from a given experimental EBIC curve. Practical examples of such evaluations are presented in Sec. IV. Section V gives the summary and conclusions.
II. MATHEMATICS
We assume here homogeneous and excitation-densityindependent values of s and of the minority-carrier diffusion coefficient D and lifetime T (and consequently also of L = ..[i51-). Geometry and coordinates are depicted in Fig. 2 .
First we shall consider the solution due to a point source, subsequently that due to a source of finite size.
Those readers who are mainly interested in the application of the mathematical results might skip this section and continue with Sec. III.
A. Point source; general solution
The continuity equation for the excess minority-carrier density in the steady state An is given by
(1)
The condition at the source can be written as from the source. We are interested only in the current through the conecting junction, which is given by
1= -qDf
where q is the electronic charge. It has been shown in Refs. 4,8 that for this restricted purpose it is permissible to replace the point source by a homogeneous equivalent line source of equal strength per unit length:
[G and G 1 have the same nominal value, but dimensions of reciprocal time and reciprocal (time X length), respectively.] In this paper we shall restrict ourselves to this two-dimensiona! carrier distribution. The continuity equation can now be written as
where L = ..[i51-. The boundary conditions are
and
where (x.,Ys) represents the line-source position. OnTty the case Xs > 0 will be considered.
To obtain a mathematical formulation with the smallest number of parameters it will be necessary to employ dimensionless variables. Let us introduce therefore
The resulting problem definition depends now upon a single parameter only, which is S:
1JN=O when R~oo,
and To solve the present problem we must resort to a more powerful kind of method, which in our case comes down to the appli-cation of the Wiener-Hopf technique. 9 Since the details involved in the application of this technique are rather complicated and lengthy, we have decided to present these elsewhere, 10 so that we may concentrate on the results here.
If we denote the electric current per unit length through the collecting junction by II' we have I, = -qD 
Here I is identical with the EBIC. The normalized EBIC, Q, is clearly the fraction of generated minority carriers that flows into the collecting junction. In Ref. 10 it has been derived that Q can be expressed as follows: 
For Y s = 0 this reduces further to
In Fig. 3 
B. Point source; asymptotic solution
The solution for the current as defined by Eqs. (18) and (19) can be used for numerical calculation, but it is rather too unwieldy for quick reference purposes. Very often an asymptotic solution which is valid when the generation point is more than a few diffusion lengths away from the edge of the junction is found to be most useful. At the cost of some effort we may derive such an asymptotic solution from Eqs. (18) and (19) . The method we shall use is a kind of modified method of Laplace, which is explained in Appendix A. Like the classical method of Laplace ll it makes use of the fact that, whenX s > 1, the main contribution to the integral ofEq. (18) comes from the immediate neighborhood of the lower bound a = 1; an allowance is made here, however, for the circumstance that apart from the exponential the other parts of the integrand may also vary quite rapidly. This extra feature turns out to be particularly useful when Xs is indeed larger, but not very much larger than unity, e.g., for Xs = 2.
Applying the method put forward in Appendix A we find
where
and g(S) = l. + _I + _3 __ o{S) . 
To get an idea of the accuracy of the asymptotic solution as given by Eq. (22) one may consult Table I , which shows the amount by which Eq. (22) underestimates the true value given by Eq. (18) (Ys has been tak.en equal to zero). It appears that the best approximations are obtained when S is about 2. When S increases beyond that value, the underestimation becomes greater; this seems to level off, however, so that it never becomes worse than a given limiting value. An accuracy of around 5% at source positions which are four diffusion lengths away from the collector seems quite acceptable. An accuracy of 13% at two diffusion lengths is quite close to the 14% level of the asymptotic solution for the normal collector, found in Ref.
5.
It is noteworthy that dose to S = 0 the current is governed by a rule fundamentally different from that applicable in the S> 1 region. This can be seen by comparing the asymptoticsofEqs. (22) and (20) . From Eq. (22) with Fig. 4 for/(S) andg(S) it follows that for S> 1 and larger Xs values, Q varies roughly as e -x'X s-3/2. As a matter offact, it is shown by Eq. (18) to obtain a numerical solution pertinent to a special case.
If S is not too close to zero, the asymptotic solution of Eq. (22) 
where G=J. gdV •.
gen.Yol.
As the diameter of the generation volume is much smaller than L, the value of X. will be virtually constant in the integrand of Eq. (27). On the other hand, since the generation volume is very close to the surface, the reJ.ative variations of Y, across it are not negligible. This is why Eq. (27) can be approximated by
Equation (29) 
sen.vol.
G
It is instructive to compare Eq. (29) with that for a point source at the surface. In the latter case one has from Eq. (22) with Y. =0:
This equation is identical with that for a finite but not too large source, Eq. (29), apart from the factor (1/S + H) in the latter replacing liS in the former. This substitution entails an enhancement by a factor 1 + SH = 1 + sh I D owing to the effective generation depth h of the finite source being finite rather than zero. In Appendix D we present a perspicuous physical interpretation of this enhancement factor in terms of an increased "surface-recombination resistance. "
III. METHODS TO EVALUATE LAND S
Though the theoretical EBIC curves are now known from Eqs. (18) and (19) (cf. Fig. 3 ), their practical application in evaluating L and S from experimental EBIC curves may present problems. (Actually, an analogous situation occurs for the normal-col1ector geometry; this case was treated more briefly in Ref. 8.) In this section we present two straightforward methods for this purpose. An important characteristic of our approach is that it also estimates the accuracy of the values obtained for L and S. In Sec. IV we demonstrate the practicability of our methods by applying them to actual experimental data.
The first step of both methods is based on the asympto- 
dx.
S
To give an impression of the shapes expected, in Fig.  5(a) we have replotted the curves of Fig. 3 
, , check on this condition being fulfilled. In Secs. III A and III B Eq. (34) will be used for a first estimate of L for arbitrary values of S; suitable iteration methods are shown to produce much better approximations.
A. The tangent-and-intersect method
We start by determining L· according to Eq. (34) by drawing a tangent to the experimental curve at some point Xs in the tail of the curve plotted in a In(Ix;l2) vs Xs diagram. Using this L· we can find a better approximation. This is done by improving the approximation to the denominator of Eq. (29) as compared to the first attempt, which yielded Eq. (33). Instead, we take now
Here, since g(S) is still unknown, we have tentatively substituted the value 3/4, valid for S> 1 (see Fig. 4 ). This yields the second approximation: tous result is also presented in Fig. 6 . In the meantime, however, the value of S is still unknown. Even if one is not primarily interested. in this quantity, a rough knowledj;e of its value is indispensable for estimating the error in L from Fig. 6 .
From dose inspection of Fig. 3 one can verify that the tangent drawn at Xs = 0.9 to any given EBIC curve (for not too small S values) intersects the vertical axis at a factor 1 IS below the peak of the current. Therefore, by drawing ~e tangent to an experimental EBICcurveatx s = 0.9L:::::0.9L, one finds an approximate value for S, provided the "ideal peak height" is known. The ideal peak height, i.e., the peak height that would result from using an ideal point source, will be higher than that obtained when using a realistic source of finite size. In Appendix C a way is treated to find the ideal peak height.
The value of the normalized surface recombination velocity obtained with the intersect method will be designated by S *. This value suffices for consulting at low S values. We conclude that the intersect method will yield fairly accurate results for S~ 3. When using Fig. 7 , one employs the value of S· for reading the horizontal axis. The above intersect method for determining S was based on the curves of Fig. 3 (38) where Vo is the acceleration voltage for the incident electrons.14 The quantity A is a known constant for a given semiconductor material,I.14 e.g., for Si one has A = 3.84 X 10-12 cm/V1.75 (Ref. 5). Let us consider now the case that the condition h<D Is is not fulfilled. Comparison of the asymptotics of Eqs. (29) and (32) shows that in the higher Xs-region the finite-source curve is identical with the point-source curve, apart from a parallel vertical shift. Assuming that this is already roughly the case at Xs = 0.9, the tangent at this point will intersect the vertical axis approximately at liS + H rather than at 1/Sbelow the peak. Using Eq. (38) this allows rough calculation of S. Another suggestion is to reduce Vo so much that the point-source condition s<D Ih does become fulfilled.
We want to note here that Eq. (38) also suggests quite a different way of determining S. Rather than measuring the variation of the EBIC with varying X s ' one now keeps Xs constant and varies the effective depth h of the source by varying Vo. The generation rate will also vary, viz. according to (39) Here 10 is the current of the incident high-energy electrons, and B is a constant for a given semiconductor material, cf. 
For fixed values of Xs and S, the quantity C is constant. From Eq. (40) it follows that by plotting 1 1(/oV o ) vs V ~.7S one may expect a straight line. The slope of this line and its intercept with the ordinate axis are given by slope = qABC I Land intercept = qBC IS. Therefore s follows from
B. Tail-fitting method
An important difference between the first and the present method concerns the way of evaluating S. The intersect method basically made use of the fact that for not too low S values the asymptotes of the curves of Fig. 3 are depressed by a factor of roughly liS [or(l/S + H)for a finite-size source] with respect to the ideal peak height. For the present method no knowledge of the ideal peak height is needed: rather than using the dependence of the level of the asymptotes with respect to the peak, it makes use of the dependence of the shape of the measured interval on the value of S. This is done by the application of a curve-fitting procedure involving the tail of the curve. From Eq. (29) it appears that as far as the asymptotic region is concerned, the latter dependence originates from the function g(S) in the denominator. From Fig.   4 it appears that the influence of S is strong for S values near unity. Indeed, it will tum out that the present method yields optimum results in this region; in a sense it can be considered as complementary to the intersect method, which works better for higher S values.
The initial step of the present method resembles that of the first method in that g(S ) is tentatively taken zero, cf. Eq. (33). In the next steps, increasingly better values of g(S) are used.
To show how this method works, we shall simulate a set of results that might be the outcome of a typical experiment. tance xs' Again, the purpose of the method is to recover the values of L and S from these simulated results.
The method is illustrated by Table II , which shows three iteration steps; this leads to L = 1.88 /lm, which is close to the exact value. In each step the tail of the current profile is used to estimate L by means of a least-squares fit (straight line). As we have found, it is not advisable to carry out too many iteration steps, the reason being that the procedure does not seem to converge. We recommend that the procedure be limited to three steps. In that case one will always achieve an improvement upon the result of the initial step.
For obtaining increasingly better estimates of S we made use of Fig. 8 (al, which presents the ratio 11/13 as a function of S. Here II denotes the current at X. = 1 and 13 the current at Xs = 3. The curves of Fig. 8(a) and (b) show that such ratios may be good indicators of the value of S as long as S is of order unity. Far from unity the ratio method is no longer feasible, since the ratio of currents is then virtually independent of S. On the other hand, this phenomenon offers the possibility of determining the diffusion length L in yet another way. If one knows beforehand that S> 10, one might find two positions of the electron beam in such a way that 11/13 is in the range 29.5-30. The first position is then just one diffusion length away from the contact edge. This method is very sensitive since in the large-S range one has 1 0 . 9 /1 2 . 7 -23.8 and 11.\ 11 3 . 3 -36.3 . If the range covered by a given experiment is shorter than three diffusion lengths, the method of Fig. 8(a) cannot be applied. For this reason we present Fig. 8 (b) which refers to narrower ranges. To show how the tail-fitting works out in the lower and the larger S ranges, we present Table In For large values of S the present method is somewhat less accurate, but, as far as L is concerned, the error remains under 10%. Nothing can be said about the exact value of S, except that it is large. In analogy with the tangent method (cf. Fig. 6 ), the present method could be improved considerably, particularly for large S, if the least-squares fit would be carried out for much smaner values of the current that are obtained at larger generation distances. In Table IV we restricted ourselves to the lower end of the third decade. Since for large S the decay of the current is rather fast when the point of generation is moved away from the junction, the third decade refers to generations at only a few diffusion lengths away from the junction edge. In that case the asymptotic formula (29) is valid only approximately. Alternatively, when S is very large, the method based on Fig. 8 may be used with more success. In that case a range of only three diffusion lengths is sufficient. Note that for a finite-size source the procedures of this section yield directly the value of S itself, whereas the intersect method of Sec. III A generally yields the value of (lIS+HI- 
c. Summary of methods
The results of this section may be summarized as follows. Two methods were developed for the evaluation of L:
the tangent method [Eq. (37) with Eqs. (34) and (36)] and the improved tail-fitting method [based on a stepwise improve- Fig. 5(b) ], and the current-ratio method (Fig. 8) .
These methods for evaluating L and S were presented here in the special arrangements ofSecs. III A and III B. Put together as such, the methods are complementary in different S intervals with regard to the optimum accuracies that can be attained for both L and S. Roughly speaking, the method of Sec. III A is accurate when S ~ 3, whereas that of Sec. HI B yields good resu.lts when S$, 5. However, should
In [/(X, + X, In[/(X, + X, 1.228) we leave optimum-accuracy considerations for what they are, we could combine any of the methods for evaluating S with either method for L. For instance, the easiest way to evaluate L is to invoke the tangent method, whereas S is readily obtained by the current-ratio method. Moreover, in the specific interval 3 $,S$, 5 the corresponding accuracies are high for both.
To complete this summary two further methods should be mentioned: the voltage-varying method for determining S [Eq. (41)], and the asymptotic current-ratio method to evaluate L when S ~ 10, as suggested. in Sec. III B.
TABLE IV. Tail-fitting applied to "experimental" values for S = 10 and L = 1.85.
X, In[/(X, + X,
In (/r,12) =x./L
=x,/L 
IV. APPLICATION TO EXPERIMENTAL DATA
The object of this section is to demonstrate the application of the evaluation techniques of the preceding section to available experimental data. Published data for the planarcollector geometry are scarce and exclusively bear upon Si material..
A. Experiments by Ioannou and Davidson 13
In a paper by Ioannou and Davidson 13 In(/x;l2) vs Xs plots are presented for planar-collector-geometry EBIC experiments on boron-implanted and annealed p-type silicon. We shall focus our attention on the upper curve of Fig. 2(b) of their paper, i.e., the one from which the authors of Ref. 13 derived a diffusion length of 42 pm assuming S = 00. It is seen that the curve exhibits the typical domed structure that we encountered in the curves presented in Fig. 5(a) .
First of all we remark that the maximum of the curve is to be found just below 40 pm. With a diffusion length of 42 pm we have Xs = xjL~ 1 at this maximum. Consulting Fig. 5(b) we see that the value of S = sL /D must be smaller than unity in this case. Since for these lower values of S the first method of Sec. III does not lead to accurate results, we applied tail fitting. To be able to do this we measured the coordinates of the experimental points of Fig. 2(b Table V. Comparing Table V with either Table n , nr, or IV, we see that the Tables V and III are similar in nature. Not only the general trends of the consecutive diffusion lengths and surface-recombination velocities are the same, even the relative sizes of the corrections are seen to be of the same orders of magnitude. On the basis of this we may conclude that L will be around 33.5 pm with S around 0.2. With L = 33.5 pm, the maximum of the In(/x;l2) vs Xs curve is at X. -1.1-1.2, and this is seen to be in good agreement with Our Fig. 5(b) In Fig. 7 of Ref. 12 again In(/x;l2) vs x. curves are presented for heat-treated Si; neither type nor doping concentration were given. These curves are somewhat different from those of Ref. 13 in that the curved sections are rather less conspicuous. The two middle curves show remnants of sections that do veer away from the straighter sections of the In(/x;l2) vsx s plots. In the two other plots the curved sections are totally absent.
Referring now to the two middle curves we are led to believe that the maxima of the In(/X;12) vs Xs curves are to be found around x.IL = Xs :::::0.4. Consulting our Fig. 5(b [16] [17] [18] [19] the values found in the present case appear on the high side.
Since S> 10, the tangent-and-intersect method is preferable here. We shall apply this method to the second curve (as seen from the top) of Fig. 7 
V. SUMMMILY AND CONCLUDING IFiIEMARKS
For performing EBIC measurements on a sufficiently large sample, the planar-collector geometry has practical advantages over the nonnal-collector geometry. For the planar collector the knowledge of theoretical EBI C curves, which is indispensable for the evaluation of L and S from experimental curves, has been lacking until now (except for S = 00 y. <D Is( < L ) this solution reduces further to Eq' (32), the expression for a point source situated at the surface. For a source of any finite size the general expression for the EBIC can in principle be obtained by spatial integration ofEq. (1S). Under the realistic condition ofsma11 source dimensions compared to L, the asymptotic solution takes the simple shape of Eq. (29). This solution is identical with that for the point source at the surface, Eq. (32), apart from an enhancement factor (1 + sh I D); here h represents the effective source depth, i.e., the weighted center of the finitesource volume.
For the evaluation of both Land S from a given experimental EBIC curve, simple methods have been developed. The application of these methods to experimental EBIC curves brings to light, among other things, that L can be severely overestimated when it is erroneously assumed that 5'>1.
An interesting feature ofEBIC curves in a In(/x;12) vs x.
plot is the presence of a maximum whose position yields an indication of the value of S, see Figs. 5(a) and 5(b). Since these theoretical curves are convex for all values of S, experimental data which produce concave curves in such a plot, like those of Ref. 6, should be regarded with due reservation.
When applying our results one should keep in mind the assumption made in the first paragraph of Sec. II, viz. that of excitation-independent values of Land s. The experimental excitation density can be varied between certain limits, which may provide a check on this assumption. Another point is that one should be careful to choose the proper position for the current meter, in order to avoid the disturbing contribution of the specimen current to the EBIC. Since these problems are not specific to the planar-collector geometry, they were not pursued here. More attention to these points has been paid in Refs. 5 and S, respectively. 
near the lower bound a = 1. Here M is a function that admits an ordinary Taylor series expansion around the value zero of its argument. Let us consider the asymptotic behavior of the integral
when X.-+oo, with the proviso that we wish to use the asymptotic result for values of X. that are not exceedingly large, say Xs = 2 and up. In case the coefficients ofthe Taylor series expansion of M are not small, i.e., if M varies rather rapidly near a = 1, the classical method of Laplace yields a result of limited usefulness. This is why we proceed as follows. Let us rewrite Eq. (A2):
J=e-X,SoOO e-tX'tIIZM(t)dt
du.
Now we change the integration variable in the following way
In the classical method of Laplace the second term on the right would not have been included. Substituting Eq. (A4) into Eq. (A3) we obtain 
M(O)
+ higher~order terms,
which can be further reduced to J _ ( r <l> , M (OJe -x. + bigher -0_ terms.
Here the higher-order terms tend to zero faster than the one retained, when Xs-oo. The prime denotes differentiation with respect to the argument. This result will now be applied to Eq. (18) . 
By means of partial integration (the first term twice, the higher-order terms only once) we arrive at 
and this is seen to be equal to Eq. (A20) up to the same order of approximation. We emphasize that this approximation is also correct when Y. is of the order of unity.
APPENDIX C: CALCULATION OF THE IDEAL IEBIC PEAK HEIGHT
For the evaluation of S using the intercept method we need to know the absolute value of the ideal peak height of the EBIC. This is the peak height for the fictitious case of a point source situated at the surface having the same strength G as the actual finite source. For such a point source when situated at the collector edge Xs = 0, all excess minority carriers generated would be caught by the junction field. Thus we have to calculate the value of the generation rate G, which proceeds as follows.
Let the kinetic energy of the incident electrons be Eo> their current /0' and the average energy needed for the generation of an electron -hole pair e j ' If all incident electrons were to dissipate their whole energy within the sample, the pair generation rate would amount to (/oIq) (Eo/e;). However, a certain fractionf of the incident electrons is scattered back into vacuum after one or more elastic and nonelastic collisions, leaving the sampJe with an average kinetic energy kE o .
Taking this energy loss into account, the ideal peak hei~ht of the EBIC, qG, is given by
The values off,21 k,22 and e/
